Iron absorption from rice fortified with different iron fortificants, e.g., ferrous sulfate (FeS0 4 ), sodium iron EDTA (NaFeEDTA), ferrous fumarate (FeFum), and ferrous bisglycinate (FeBis) was determined using an in vitro enzymatic digestion method simulating conditions in the small intestine and an in vivo method using radioisotope techniques. The in vitro method showed that the percentage of dialyzable iron from NaFeEDTA (15.7 ± 0.9) and FeS0 4 -fortified rice (13.2 ± 1.5) was significantly greater than that from FeFum (6.4 ± 0.6; p < .05) and FeBis fortified rice (3.3 ± 0.8; p < .05). Iron absorption in vivo was investigated from FeS0 4 and NaFeEDTA fortified rice with and without fish and vegetables in 10 borderline irondeficient subjects. Iron absorption (mg) from NaFeEDTA fortified rice (0.44 ± 0.11) was significantly greater than from FeS0 4 -fortified rice (0.22 ± 0.05; p < .05) and the unfortified rice (0.17 ± 0.02; p < .05). Iron absorption (mg) from a meal consisting of iron-fortified rice, fish, and vegetables was significantly greater from NaFeEDTA (0.88 ± 0.24) and FeS0 4 (0.67 ± 0.10) -fortified rice than from the unfortified rice (0.41 ± 0.08; p < .05). This study concluded that both NaFeEDTA and FeS04 are effective iron fortificants for rice. The binder used in the study may have a significant role in the release of iron from iron-fortified rice for absorption. Further studies on the use of other binders to maximize iron release and minimize iron loss during cooking should be conducted to improve iron absorption from the fortified rice/ricefish-vegetable meals. Results from this study can be used as a basis for food iron fortification programs as well as in the establishment of recommended dietary allowances for iron among Filipinos.
Introduction
Iron-deficiency anemia is prevalent in the Philippines especially among infants and preschool children and pregnant and lactating women. Thirty-one out of every 100 Filipinos are anemic [1] . Given this result, an effective nationwide intervention is necessary to combat this disease. One nutrition strategy to solve this problem is the food fortification intervention program. Rice, the staple food of most Filipinos, is a good vehicle to fortify with iron. Previous studies have shown that iron absorption from ferrous sulfate-fortified rice, fried fish, and jackfruit with coconut milk was significantly greater than that from unfortified rice with the same meal [2] . However, the study did not investigate the effect of other iron fortificants such as sodium iron EDTA (NaFeEDTA), ferrous fumarate (FeFum), or ferrous bisglycinate (FeBis). In addition, other iron fortificants may be as or more effective than ferrous sulfate (FeS0 4 ) for fortifying rice. We determined the effect of the different iron fortificants on iron absorption from iron-fortified rice with and without fish and vegetables using in vitro and in vivo methods. The Results of this study can be used as a basis for an effective iron fortification program as well as for establishing recommended dietary allowances for iron for Filipinos.
Materials and methods

Preparation of the iron-fortified rice
The method used in this study was a modification of the method of Peil et al. [3] . Milled premium grade rice (95% head rice) was used in the preparation of the premix iron-fortified rice and milled grade No.1 (80% head rice) was used in the preparation of the enriched rice samples (National Food Authority Circular No. AO-97-08-001). A mixture of carboxy ethyl cellulose (CEC), carboxy methyl cellulose (CMC) (food grade; Dow Chemicals and Amchem Marketing Inc., Midland, Mich., USA) and organic solvents such as The effect of different iron fortificants on iron absorption from iron-fortified rice 204 isopropyl alcohol (food grade, J.T.Baker, Pillipsburg, New Jersey, USA), ethanol (food grade; Ajax Laboratory Chemicals, NSW, Australia) and absolute alcohol (food grade; Ajax Laboratory Chemicals, NSW, Australia) was used as the coating solution. Ferrous sulfate (Alyson's Chemical Enterprises, Inc., Quezon City, Philippines, USP Grade), sodium iron EDTA (food grade, Dr. Paul Lohman, Emmerthal, Germany), ferrous fumarate (food grade, Dr. Paul Lohmann, Emmerthal, Germany) and ferrous bisglycinate (food grade, Dr. Paul Lohmann, Emmerthal, Germany) were used as iron fortificants. The iron fortificant was dispersed in the coating solution before pouring onto rice grains tumbling in a rotary mixer. The coated iron-fortified rice samples were air dried for 24 hours to eliminate residual alcohol and moisture that was absorbed during processing. The premix iron-fortified rice contained 1,200 mg iron per 100 g rice and was packed in polyethylene bags and labeled. Enriched rice samples were prepared by dispersing one part of iron-fortified premix rice to 200 parts of ordinary rice. The enriched rice was estimated to contain 6 mg iron per 100 g rice. The amount of iron-fortified rice used in this study provided 3 mg of iron per 100 g or one-third of the recommended dietary allowances for Filipino men.
The binder solution was tested alcohol toxicity and was found to be negative. The alcohol evaporated during the drying of the iron-fortified rice.
In vitro enzymatic digestion
Duplicate 20 g samples of freeze-dried cooked rice fortified with FeS0 4 , NaFeEDTA, FeFum, and FeBis were homogenized with 80 g deionized water. The pH of the mixture was adjusted to pH 2.0 with 6N HCl and enzymatically digested in vitro using 3.2 ml of pepsin-HCL solution (8 g pepsin, 600 units/mg solid from hog stomach, Sigma Chemical Company, St. Louis, Mo., USA) in 50 ml of 0.1M HCl) for three hours. Aliquots (20 g) of the digested samples were placed in a dialysis bag (Spectrapor 1, width 23 mm, 6000-8000 MW cutoff; molecular porous membrane, Spectrum Laboratories, Inc., Rancho Dominguez, Calif., USA) where 5 ml pancreatin-bile solution (1 g pancreatin (porcine pancreas Grade VI, Sigma Chemical Company, St. Louis, Mo., USA) plus 6.25 g bile extract (porcine, Sigma Chemical Company) in 250 ml of 0.1M sodium bicarbonate solution (pH 7.5)) was added and incubated for nine hours to determine the dialyzable iron potentially available for absorption in the small intestine [4] . The dialysates were collected every three hours and replaced with 100 ml double distilled water. Dialysates were read in the atomic absorption spectrometer for iron content. The percentage of dialyzable iron was calculated as follows:
In vivo iron measurements Subjects
Ten healthy adults, 7 males and 3 females, 30 ± 2 years of age, 100 ± 2% of ideal weight were selected as subjects after receiving a physical examination. Blood samples were drawn from the subjects for hemoglobin [5] and hematocrit [5] to assess their iron status and to determine background radioactivity. The protocol for this study was approved by the Human Ethics Committee, Philippine Council for Health Research and Development, Department of Science and Technology. The subjects signed an informed consent form.
Preparation of the radio-iron labeled fortified rice [2]
The iron-fortified rice was labeled with 55 Fe (1.0 uCi/subject for rice, fish, and vegetables; Amersham Pharmacia, Buckinghamshire, England) or 59 Fe (0.5 uCi/subject for rice alone; Amersham Pharmacia, Buckinghamshire, England). The isotope together with the iron fortificant was dispersed uniformly in the coating solution it was poured onto the rice grains. The coated iron-labeled fortified rice was air dried for 24 hours. The rice was cooked and served to the subjects with or without fish and vegetables. It was assumed that there is an isotopic exchange between the native iron and isotopic iron in the coating solution. However, complete isotopic exchange takes place in the small intestine [6] .
Test meals
Food samples were prepared in the Nutrient Availability Section of the Nutritional Science and Technology Division at the Food and Nutrition Research Institute (FNRI) from raw materials bought from the Bicutan Market. The test meal consisted of rice (100 g uncooked), fish (hasa-hasa, 40 g uncooked) and vegetables (kangkong, 44 g uncooked). The rice was washed once and boiled with water in a rice cooker. Leafy vegetables were washed, the stem separated and cooked with water and salt and served with pure kalamansi juice (Philippine lemon, Citrus Microcarpa, 1 g). Salt was added to the fish after it was cleaned and the meat separated from the bones and then fried in a stainless steel pan. The meal was homogenized, freeze-dried, and analyzed for total iron [7] , non-heme iron [8] , ascorbic acid [9] , phytic acid [10] , and tannic acid [11] .
Feeding regimen
All foods and meals were eaten between 7:00 to 9:00 AM after an overnight fast for four consecutive days as follows: rice (A); rice, fish, vegetables (B); rice, fish, vegetables (B); rice (A). No food or drink was allowed for three hours after the meal was consumed. After 14 days a blood sample was drawn from the subjects for radioactivity measurements. This feeding regimen was done for unfortified rice and rice fortified with sodium iron EDTA and ferrous sulfate ( fig. 1 ). After feeding all of the above unfortified and iron-fortified foods and meals, a reference dose containing 3 mg iron as ferrous sulfate and 30 mg ascorbic acid labeled with 59 Fe was given as a drink to all subjects after an overnight fast. After 14 days, another blood sample was drawn from the subjects for radioactivity measurements. The reference dose measures the absorptive capacity of each individual subject [12] . The total amount of radio-iron labeled food or reference dose given to each subject was 3.5 uCi 59 Fe and 6.0 uCi 55 Fe.
Iron absorption measurements
Duplicate 5 ml samples of whole blood and standard whole blood samples (Philippine General Hospital Blood Bank) labeled with 55 Fe and 59 Fe (same amount of 55 Fe and 59 Fe used to label the meal) were digested [13] . The radioactivity of the digested blood was read in a liquid scintillation counter (Beckman LS 6500, Beckman, Fullerton, Calif., USA). The percentage of iron absorption from the test foods, meals, and reference dose were calculated based on the estimation of blood volume of subject from sex, height, and weight using the Tulane table [14] with the assumption that 100% of the radioactivity was incorporated into the red blood cells [15] .
Statistical analysis
The results were expressed as means ± SEM. Differences between treatments were examined by two-way repeated measures analysis of variance and Tukey's stu-dentized range test using the Statistical Analysis System program (SAS Institute, Inc., Cary, NC, USA).
Results
The total iron in the uncooked and cooked enriched rice was used to determine the homogeneity of the iron-fortified rice and the iron loss during cooking (table 1) .
In vitro iron availability
The percentage of dialyzable iron from unfortified and iron-fortified rice with NaFeEDTA, FeS0 4 , FeFum, and FeBis is shown in table 2. The percentage of dialyzable iron from NaFeEDTA-and FeS0 4 -fortified rice was significantly greater than that from FeFum-and FeBis-fortified rice and the unfortified rice ( Letters a, b, and c denote significant differences between treatments (p < .05). Letters x and y denote significant differences between uncooked and cooked rice (p < .05).
Effect of iron fortificants on iron absorption
NaFeEDTA-and FeS04-fortified rice with and without fish and vegetables.
In vivo iron absorption study
The physical and hematological characteristics of the subjects are shown in table 3. The composition of the meal (cooked) is shown in table 4. The iron content of all the test foods and meals ranged from 1.0 to 4.7 mg of iron per 100 g sample and 1.0 to 3.5 mg per 100 g sample for non-heme iron (table 4) . Ascorbic acid was only present in the meal containing rice, hasa-hasa, and kangkong served with kalamansi juice. The phytic acid content of all test foods and meals was 96 mg/100g, rice was the main source of phytic acid. Tannic acid was greater in the meal than in rice alone, vegetables were the main source of tannic acid (table 4) . Table 5 shows the iron absorbed (mg) from unfortified rice, NaFeEDTA-, and FeS0 4 -fortified rice with and without fish and vegetables. Iron absorbed from NaFeEDTA-fortified rice was significantly greater than that from FeS0 4 -fortified rice and unfortified rice (table 5; p < .05). However, iron absorbed from NaFeEDTA-and FeS0 4 -fortified rice with fish and vegetables did not differ significantly and was significantly greater than that absorbed from unfortified rice with fish and vegetables (table 5; p < .05). For all treatments, iron absorbed from rice with and without NaFeEDTA and FeS0 4 plus fish and vegetables was significantly greater than that absorbed from rice alone, fortified and unfortified (table 5; p < .05). The absorption values presented were adjusted to 40% of the reference dose absorption representing subjects with border-line iron stores [16] .
Discussion
The in vitro study showed that NaFeEDTA and FeS0 4 were more effective iron fortificants than FeFum and FeBis (table 2) . This result may be due in part to the binder that was used in the study. Comparisons of the iron content of cooked and uncooked fortified rice resulted in iron losses ranging from 25.7 to 56.2% with those from NaFeEDTA greater than those from FeFum which were greater than from FeBis which were greater than from FeS04 (table 1; p < .05). Cooking rice included washing the rice. The binding property of the coating solution containing the above fortificants in rice may be weaker than the one containing ferrous sulfate. On the other hand, all iron fortificants gave a significantly greater percent of dialyzable iron when cooked than when uncooked except for NaFeEDTA (table 2; p < .05). Around 41.6% of dialyzable iron from the rice fortified with NaFeEDTA was lost during cooking. Nevertheless, the iron released from rice fortified with NaFeEDTA was not significantly different from that of rice fortified with FeS0 4 . Other binders can be used to improve the binding property of the other fortificants to rice. This may decrease the iron loss during cooking and increase the percentage of iron released. NaFeEDTA can be more effective than FeS0 4 as an iron fortificant for rice. Studies have shown a significant increase in iron absorption from meals fortified with NaFeEDTA as compared with FeS0 4 from a variety of low iron availability foods, such as cereals, legumes, and milk [17] [18] [19] [20] . Therefore, NaFeEDTA may have the potential to be a better fortificant than FeS04 for rice. Similarly, FeBis and FeFum may also be better fortificants with a different binder. However, the cost of both the binder and the fortificant should always be considered. A significantly lower percentage of dialyzable iron was observed from rice fortified with FeFum and FeBis as compared to that fortified with NaFeEDTA and FeS0 4 (p < .05). Cellulose, a component of the binder, has been shown to inhibit mineral absorption [21] . Cellulose may entrap or form insoluble complexes with FeFum and FeBis and inhibit the release of iron for potential absorption. NaFeEDTA and FeS0 4 may not have been affected by the presence of cellulose in the binder solution in the present study.
The absorption of iron from NaFeEDTA-and FeS0 4fortified rice with and without fish and vegetables was determined in humans. They were both effective iron fortificants for rice in the presence of fish and vegetables. For rice alone, NaFeEDTA was more effective than FeS0 4 (table 5; p < .05). Iron absorbed from NaFeEDTA-fortified rice with fish and vegetables was significantly greater than for NaFeEDTA-fortified rice alone (table 5; p < .05). This suggested that the presence of 40 g of fish and 70 mg of ascorbic acid per 100g sample enhanced the absorption of iron from the meal (table 4) . Similar results were observed with FeS04-fortified rice and unfortified rice, with and without fish and vegetables. The enhancing effect of ascorbic acid and meat, fish, and poultry on iron absorption is well-known [22] [23] [24] [25] [26] [27] . The phytic and tannic acid present in the rice and meals in this study did not show an inhibitory effect on percentage of iron absorbed. A previous in vitro study showed no effect of either phytic acid or tannic acid from Filipino regional meals [27] . A tannic acid content less than 3000 mg per meal did not affect iron absorption [27] . The meal used in this study contained 151.6 mg per 100 g of tannic acid (table 4) .
The percentage of dialyzable iron, in vitro from FeS0 4 -fortified rice did not differ significantly from that for NaFeEDTA-fortified rice while in vivo results gave contradictory results (p < .05; tables 3 and 5). Physiological factors should be considered when investigating the availability of iron from foods. The in vitro method estimates iron released from the food and meals for its potential absorption and is used for screening several foods or meals. It is also an alternative for the in vivo methods as they are expensive and recruiting human subjects is difficult. However, in vitro results have to be validated in vivo.
Conclusion and recommendation
In conclusion, both NaFeEDTA and FeS0 4 are effective fortificants of iron in rice. The binder used in the study may have a significant role in the release of iron from iron-fortified rice for absorption. NaFeEDTA may have the potential to be a more effective iron fortificant for rice than FeS0 4 with another binder. Similarly, FeBis and FeFum may also be better fortificants with a different binder. Further studies on the use of other binders to maximize iron absorption and minimize iron loss during cooking should be conducted to improve iron absorption from the fortified rice and rice-fishvegetable meal. Results from this study can be used as a basis for a food iron fortification program and for TABLE 5 . Iron absorption from unfortified and iron-fortified rice with and without fish and vegetables (mean ± SEM; n = 10) establishing recommended dietary allowances for iron for Filipinos.
